AGE-associated changes in heart rate variability (HRV) have ./'"\.. been studied in time domain by various cardiovascular reflex tests (1-3), revealing that HRV significantly declines with age. However, any changes in cardiac autonomic balance have not been clarified by such analyses. It was an introduction of frequency domain analyses that enabled us to define the cardiac sympathovagal balance in the study ofHRV (4) . Now, intensive investigations are being carried out by this advanced technique. Nevertheless, alterations with age in cardiac autonomic balance still remain to be elucidated. Two studies (5, 6) proposed that the balance changed with age; others (4, 7) insisted that the balance maintained with age.
We have reported that the cardiac autonomic balance could be detected even in time domain through a new method, tone-entropy (T-E) analysis (8) . In essence, heart rates are controlled through acceleration-inhibition regulation. Heart periods become short when accelerated, long when inhibited. Then, HRV was evaluated through variations of heart period in a normalized form, percentage index (PI) of heart period variation. Tone was defined as an arithmetic average of the PI distribution, and entropy as an amount of information contained in the PI probability distribution. The nature of tone and entropy was examined with a pharmacological experiment, whereby it suggested that tone reflects the cardiac vagosympathetic balance, and entropy total autonomic efferent activity.The possibility of this T-E representation of autonomic function was strengthened by another observation on a heart recovery after dynamic exercise (8) . Tone decreased with regain of vagal predominance, and entropy increased with restoration of autonomic activity in the course of the heart recovery.
The purpose of this study was to clarify an alteration of the vagosympathetic balance with age through the T-E analysis. We studied 142 male subjects (30-69 yr) at a health care center in Kyoto, Japan. HRV was assessed for subjects in a recumbent position in the morning. The results are compared primarily with the pharmacological experiment, and secondarily with the heart recovery after dynamic exercise (8) . The decline of HRV with age accompanies a significant impairment of the vagosympathetic balance.
METHODS
Studypopulation.-Participants were 142 male subjects who came to Foundation "Kyoto Preventive Medical Center," Kyoto, Japan, from May 1995 to April 1997. Subjects under treatment of oral hypoglycemic or hypotensive agents were ineligible.
Subjects who had frequent ectopic beats (>10 in 10 min) were also ineligible. Blood analysis was carried out at Shionogi Biomedical Laboratories (Osaka, Japan). Analyses were done by classifying the subjects into four age groups: 30 (30-39), 40 (40-49),50 (50-59), and 60 (60-69 yr).
Experimentalprotocol anddata processing.-Experiments were performed after obtaining informed consent. The protocol of the study was approved by the foundation's institutionalreview process.
Subjects were requested to abstain from foods and beverages the night and the morning before their test. During the test, conducted in the morning, subjects remained seated in a comfortable chair. No instruction was given regarding respiration.
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Standard values oftone and entropy.-The natureof tone and entropy was examined by a pharmacologicalblockade experiment done in December 1996.This experiment was performed at the graduate school on eight healthy male volunteers,age 31 ± 4 (SE) yr, height 1.73 ± 0.02 m, and body mass 63.8 ± 1.6kg. Informed consentwas subrriitted in a writtenform beforethe experimentfrom all the subjects. The protocolof the studywas approvedby the institutional review processin the graduate school.
Subjects were seated in a recumbent position in a comfortable chair for 40 min in the morning. Figure 1 illustratesa typical heart period response of one subject: time course of heart periodin the top trace and successive difference of the heart period in the bottom trace of the figure. Autonomic block agents were intravenously injected at two time positions designatedin the figure: propranolol (0.2 mg/kg), 10 min after the beginning of the experiment; atropine (0.04 mg/kg), 25 min after the beginning of the experiment. Standard T-E values were obtained for three time periods designatedin the figure (10 min of duration): control (C), after propranolol (P), and after additional blockadeby atropine(P+A). Electrocardiographic signals were obtainedfor 10 min from electrodesplaced in the CM5 position.The signalwas digitized on-line by an analog-to-digital converter at a sampling rate of 1000Hz and simultaneously transformedinto heart period time seriesthrougha computer(DOSN). Detectionof QRS complex and of peak in R wave was performed under an inspection on a computerdisplay. Non-sinus beats were editedoff-line manually by interpolating suitableheart period, only if a number of such beats was less than 10 in 10 min. (Number of beats was about 600, when 60 beats/min in 10 min.) This data correction was done for less than 5% of the subjects. Heart periods, which were nothing but normal-to-normal intervals(9), were calculatedin a precisionof 1 ms. The software used in this data acquisition and following analyses was developed in our laboratory.
Tone.-An arithmeticaverage of PI time series, tone, is calculatedas:
whereN is a totalnumberof termsin PI(n) in a timeperiod. Tone represents a relative strength betweenthe acceleration (pI > 0) and theinhibition (pI < 0)ofheart. [Thecalculation PI(n) = 0 isomitted, because it is neither acceleration norinhibition.] Whenacceleration is superior, toneis positive in the acceleration field (PI> 0); when inhibition is superior, toneis negative in theinhibition field (pI < 0).
Percentage index (PI).-Heart periodsare obtained as the time series [H(n)]
where(n) is a serial numberof heartbeats. Successive differences of the heartperiod are calculatedas H(n) -H(n + 1). Whenheartrateis increased, theheartperiodbecomes shorter than in theprevious one.Thus, acceleration of theheartis expressed as a positivedifference, inhibition as a negative one.Following some animal experiments(10,11)in which variations of heart rates or heartperiodswereevaluated by percentage, we assess the successivevariation by a normalized form, PI of heartperiod variation.
Entropy.-Shannon (12) definedentropy as an amount of information containedin the probabilitydistribution. To calculate entropy, we must define a probability distribution of PI(n) in the following manner.Frequencies (ji) are figured as the number of times that PI(n) has a value in the range i $ PI(n) < i + 1,
Entropy is definedas the negativelogarithm of a probability to the base 2 in a unitof "bit."For example, if a probability of an event is one half, entropy of this event is calculatedto be 1 bit, because the negative logarithm of one half to the base 2 is 1. Thus, an event i in whichPI(n) has a valuein the range i $ PI(n) < i + 1 has an entropyof -log2P(i). Entropy of the distribution is calculatedas an average of all the eventsas follows (12): (P),and-0.005 ± 0.002 (P + A) (p < .05,for one-wayanalysis of variance)]. Entropy increasedfor the sympatheticblockade (P); extremely decreased for the doubleblockades (P+A) [3.83 ± 0.14 (C),4.10± 0.25(P), and 1.70± 0.17 (P + A) (p < .05)]
Sympathetic and parasympathetic blockadesboth affected acceleration-inhibition regulations significantly. The resultis consistent with the statementof Levy (13) that most aspectsof cardiac function areregulated by theautonomic nervous system; in healthy subjects at rest, bothautonomic divisions areusually active.
It is of interestthat tone was found to be definitely negative at rest.The beta-adrenergic blockade by propranolol decreased tone significantlyin the inhibition field (Figure 3 P) ; the additional cholinergic blockadeby atropinemade tone almost zero ( Figure  3 P + A) . When the parasympathetic divisionbecame dominant by means of sympathetic blockade, tone tended further toward the inhibition.In contrast,when both autonomicdivisions were blocked,tone became zero.The result suggestsa possibility that tone adequately reflects the cardiac vagosympathetic balance.
Entropydecreased nearto onebit for a pharmacologically denervatedheart(Figure 3 P + A) in whichboth autonomic pathways ceased to work. On the contrary, entropy was high ( Figure 3 C and P) for high levelof HRV (Figures 1 and 2 C and P) . If HRV reflects the cardiacautonomic neuralactivity, it couldbe said that entropy represents the totalautonomic neural efferent activity.
Statistical analysis.-Data were expressed as means ± SE. One-way analysis of variance and Scheffe's post hoc examination were carriedout for comparison among four age groups. P < .05 was consideredto be significant for all the examinations.
RESULTS
Clinical conditions of the subjects are shown in Table 1 . No significant differences were detectedamongfour age groups.
Aging path in T-E space.- Figure 4 illustrates typical time courses of heart period (heart rate) selected in each age group. Heart period fluctuations were visibly reduced with age. However, averaged heart rate showed no clear tendency of increasing or decreasing with age [67 ± 2 (30), 67 ± 1 (40),61 ± 1 (50), and 63 ± 2 beats/min (60)]; only the difference between 40 and 50 was statistically significant,p < .05. Figure 5 illustrates PI probability distributions derived from the data in Figure 4 , time series in the top and histograms in the bottom trace of the figure. Changes in characteristics are shown among the distributions. Figure 6 illustrates averaged data of tone and entropy together with scattered plots of all subjects. Rectangles show means ± SE. Tone was definitely negative in inhibition field for all age groups, and increased significantly with age Figure 7 , the standard values obtained by the pharmacological experiment are superimposed on the present results. Note that the aging directs the heart from C, ordinary heart, to P + A, denervated heart.
Aging and heart recovery.-In Figure 8 , a heart recovery process after dynamic exercise (8) is superimposed on the present results. In short, an exercise (Ex) on bicycle ergometer was carried out for 30 min at ventilatory threshold level by 12 female athletes (21.0 ± 0.8 yr). The recovery was observed in subjects in sitting position for 70 min. Electrocardiographic data were collected for 8.5 min of duration from three time points: 5 min (R1), 30 min (R2), and 55 min (R3) after Ex.
Tone decreased and entropy increased significantly in the course of the heart recovery that progressed from left-top to right-bottom in the figure. It is of interest that the present aging process traces exactly the same curvilinear path, but in the opposite direction.
Reproducibility.-The experimentwas replicatedthree timesin the same conditionfor 32 subjects(50.6 ± 2.0 yr for the firstmeasurement) who were selected randomly from 142 subjects. The replication was performedat a minimumof one monthor at a maximum of one year of interval. Heart rates were 63 ± 1 (1st),63 ± 2 (2nd),and 64 ± 2 beats/min (3rd).Tone was -0.049 ± 0.006 (1st), -0.047 ± 0.006 (2nd),and -0.046 ± 0.008 (3rd).Entropywas 3.49 ± 0.09 (1st),3.41± 0.10 (2nd),and 3.39± 0.11bit (3rd). No significantdifferences were foundfor anyof the results(p > .05).
DISCUSSION
Tone increased and entropy decreased significantly with age. The four age groups (30, 40, 50, and 60) were arranged on the curvilinear path in T-E space ( Figure 6 ). The following discussion examines the physiological significance of the curvilinear relationon the basis of the natureof tone and entropy, as observed in~~armac~~al~~~~~in~reart~~R eduction ofHRV with age.-Age-associated reduction of baseline HRV is well documented in various investigations. In time domain, standard deviation ofR-R intervals in supine position decreased with age (3, 6, 14) . In frequency domain, spectral power in all frequency ranges in supine position declined with age (5, 6, 14, 15) .
Ourresultsare consistentwith these previousfindings: entropy, total HRV, decreased significantly with age ( Figure 6 ). Interestingly, the major changein the indexesoccurredin the third decade of life. Indeed, the statisticallysignificantdifferencesbetween the older age groups were not observed (Figure6). The observation wouldbe consistentwith that of Shannonand colleagues (15) , who reported that the power of heart rate fluctuations declinedbelow about age 30 and does not change thereafter.
Alteration ofvagosympathetic balance with age.-Pagani and colleagues (4) reported that significantalteration in the ratio of low-to-high power in frequency domain was not observed in spite of the decline of total HRV with age. Lombardi and coworkers(7), thus, concluded that a physiological sympathovagal balance appeared to be maintained at rest in elderly subjects. On the contrary, Lipsitz and colleagues (5) insisted that relatively greater attenuation of high-frequency component was observed for old subjects by their new analysis on nonlinear heart rate variation. Schwartz and coworkers (6) found that the ratio of low-to-high frequency content produced an age-related difference in supine position under metronome breathing, although they failed to detect such differencesfor spontaneousbreathing.
In our results, aging process was presented as a curvilinear path in T-E space (Figure 6 ), and compared with the two different experiments, With comparison to the pharmacological experiment ( Figure   7 ), we observed that the aging process directed from C to P + A. C represents ordinary resting heart, and P + A denervated heart. Thus, the aging process made the heart trace the path from C to P + A, that is, from the ordinary heart to the denervatedheart. Both autonomic limbs are inactivein the denervatedheart. In contrast, both autonomic pathways are intensively active, and the parasympathetic division predominates in the resting heart, as verifiedin the above (see Methods) and as statedby Levy (13) .
Two consequences could be derived from this comparison. First, not only parasympathetic, but also sympathetic activities are withdrawn with age. This is completely consistent with the statement (16, 17) that aging is thought to result from reduction in both parasympathetic and sympathetic modulations. Second, the vagal predominance in the heart is being impaired with age: vagosympathetic balance alters significantlyin elderly people.
These consequencesare strengthenedby the other comparison. The presentagingprocesswas superimposed on the heartrecovery path exactly (Figure8). We have verifiedthat the heart recoveryis nothing but the process in which total autonomic activities are restoring, and the vagal predominance is being regained (8) . It is interesting thatthe direction of agingis opposite to thatof recovery, Aging and basal heart rates.-Resting heart rates did not show any clear tendency of increasing or decreasing with age, according to our results. The findings are consistent with other reports in which resting heart rates were not found to be affected by aging (3, 6, 14) . An interesting fact is that aging was superimposed on the heart recovery ( Figure 8) , although the latter is obviously a heart rate decay process. As a natural consequence, it could be said that the T-E indexes are independent to the basal heart rates: T-E indexes represent inherent characteristics of heart control systems different from heart rate.
Advantages ofT-E methods.-The T-E evaluation process is not influenced by the time period of data acquisition due to the use of a normalization by PI and of its probability distribution. Thus, we could have successfully compared different experiments in the same T-E space (Figure 8 ). In addition, the T-E data processing has no signal deformation process such as filtering, window, or limiting process. Thus, the T-E analysis could be fast and easily performed. A further advantage is that there is no need to control respiration rate in the T-E method: data could be obtained readily in a natural condition.
A quite satisfactory reproducibility would be a consequence of these advantages of the T-E method.
Limitations ofthe study.-The study population was not necessarily a completely healthy population; therefore, we showed the clinical conditions in Table 1 . Moreover, we did not refer to other health status such as smoking, alcoholic drinking, and exercise, because these are difficultto evaluate objectively.
Conclusions.-Aging alterations ofHRV are expressed as a curvilinearrelationin T-E space,wherebytwo features of the alterationare clarified. First, consistent withprevious reports, autonomic activities arereducedin both sympathetic andparasympathetic pathways with age.Second, the reduction of both functions is accompanied by a change of the vagosympathetic balance: the vagal predominance is beingimpaired withadvancing age significantly. The objective of this meeting is to review contemporary knowledge of basic and clinical aspects of aging as it impacts upon the endocrine system. Accordingly, part of the meeting will be devoted to understanding the pathophysiological causes of decay and dysfunction of endocrine tissues, of integration among the different neuroendocrine axes and of the cellular and molecular processes underlying endocrine senescence. This information is derived primarily from research in animals and will represent much of the preclinical logic for clinical interventions into the aging process. Current clinical interventions such as those involving hormone replacement therapy will be described, and more hypothetical approaches involving gene therapy will be discussed. The symposium will present "state of the art" applications of basic research to the human condition, as well as insight into future trends of endocrine aging research.
This symposium is designed for physicians, scientists, and other health professionals interested or trained in endocrinology, gerontology and geriatric, internal and family medicine.
AMA Category I credit hours will be awarded. 
